The shoulders of those involved in repeated forceful overhead throwing undergo a range of neural, muscular, and skeletal adaptations. Knowledge of these normal adaptations may be helpful for the understanding of the prevention and treatment of injury in these athletes. This paper summarizes the current literature regarding these adaptations, and their relation to performance and pathology are presented along with relevant clinical implications. Throwing athletes show alterations in the strength ratio of their internal rotation (IR) compared with external rotation such that IR is enhanced and external rotation remains unchanged (in comparison with their nonthrowing arm). Typical scapular postural changes are seen (often IR and anterior tilting of the scapula) in the throwing arm; the humeral cortical and trabecular bones are thickened and there is often greater humeral retrotorsion. Torsional changes are, however, variable. Throwers have a higher incidence of injury to their suprascapular nerve, which may help explain their relative external rotational weakness. There is some evidence that the posterior inferior capsule is thickened in throwing athletes.
R epeated forceful overhead throwing, as performed in highlevel baseball, is associated with an increased incidence of injury to the shoulder, 1, 2 and is associated with characteristic adaptation in the neural, muscular, and skeletal systems. The great part of a high-level thrower's sporting training and exercise is performed asymmetrically providing the clinical researcher an inbuilt "control" in the nonthrowing arm for comparison. It is tempting to ascribe the peculiar patterns of injury typically seen in throwing athletes with these adaptations or variations from the nonthrowing side. However, it is not well documented which of these changes are maladaptive and which are performance positive for these athletes.
Further problems arise for those who work regularly with these athletes as they may become so familiar as to begin to think these changes are "normal." Conversely, those who have little experience with these athletes may have some difficulty in understanding the relation of these adaptive differences to any presenting pathology. The aim of this paper is to give a brief overview of the literature regarding these adaptations and to review the current research regarding the relationship between these changes and shoulder pathology.
MUSCULAR ADAPTATION Shoulder Rotation Strength
A variety of shoulder strength measurement techniques have been used in throwing athletes including hand-held dynamometry, and isokinetic dynamometry utilizing concentric, eccentric, and isometric parameters. The values derived vary significantly, likely reflecting varying methods of measurement, as well as different populations being examined. Typically, the ratio of internal rotation (IR) strength to external rotation (ER) strength (IR:ER) is seen to be higher on the dominant arm when examining throwing athletes. The weighted average IR:ER ratios (based on published normative data in baseball players shown in Table 1 ) are 1.43 and 1.34 for the dominant and nondominant arms, respectively. These data suggest that in comparison with the nonthrowing side, the dominant side displays greater IR strength, and equivalent or slightly reduced ER strength in throwing athletes (Table 1) .
In a clinical series of 600 consecutive patients presenting with (nonsurgical) shoulder pain over a 5-year period, handheld dynamometry measurements of IR and ER strength were taken in both the uninjured and injured arms on each occasion of service for each patient (for a total of 2287 occasions of service) (Supplemental video 1, Supplemental Digital Content 2, http://links.lww.com/TSES/A5). A subset of 57 of these patients presented with throwing-related injury, and the strength measures are documented in Table 2 . Several points are worth highlighting.
Injured throwers had greater IR strength on their injured throwing shoulder than on their noninjured shoulder (20.2 ± 5.9 kg vs. 17.0 ± 4.8 kg), whereas ER strength was similar between shoulders (12.0 ± 4.3 kg vs. 12.0 ± 3.5 kg).
In the uninjured arm, IR:ER strength ratios of throwing athletes were equivalent to the general population (1.46 ± 0.29 vs. 1.45 ± 0.51).
In the injured arm, IR:ER strength ratios of throwing athletes were higher than the injured arms of the general population (1.77 ± 0.5 vs. 1.61 ± 1.02). These data show that, in comparison with other subjects with shoulder injury, throwing athletes have a greater reduction in the strength of their external rotators, and a smaller reduction in strength of their internal rotators of the dominant arm. In the nondominant arm, IR:ER profile is equivalent in throwing and nonthrowing subjects. In an examination of the utility of preseason strength screening as a predictor of subsequent injury in throwing athletes, Byram et al 18 documented 5 years of preseason normative strength data in a population of professional baseball players, and then compared these measures with the likelihood of injury in the year subsequent to the testing. They showed an approximately linear increase in injury likelihood with an increase in the ratio of IR:ER, that is, as IR strength increased (and/or ER strength decreased) injury likelihood increased.
The mechanism through which this alteration in strength ratio occurs is not known. Selective nerve blocking studies have shown the infraspinatus muscle to be responsible for approximately 85% of the strength of ER. 19 There is a suggestion that a reduction in ER strength occurs in throwing athletes because of damage to the suprascapular nerve (see "Neural Adaptation"). In the follow-through phase of throwing, where the arm is being eccentrically slowed toward horizontal adduction and IR from abduction, ER could be a point where the posterior cuff muscles are overloaded either through the eccentric activity of the muscles, or because of the magnitude of the loading. 20 With regard to the magnitude of the loading, investigations of the activity of the infraspinatus and supraspinatus during the follow-through phase of pitching show these muscles to be only active at approximately 35% to 40% of activations seen during maximal muscle testing. [21] [22] [23] Further, Biodex strength testing immediately before and after a session of 60 maximal pitches showed internal rotator work fatigue to be approximately twice that of ER (13% vs. 7%) suggesting that the internal rotator musculature is acutely more affected by forceful pitching than the external rotator musculature. 24 
Passive (Postural) Muscle Length Changes
Changes in the resting posture of throwing athletes are regularly documented, and clinical implications are drawn from such observations. Common observations include internally rotated, anteriorly tilted, and occasionally protracted scapular position in the dominant side of the injured athlete. Hand-held dynamometry break force measures taken with the subject standing, arm by the side, neutral rotation, best score of 3 attempts. "Entire Cohort IR:ER" refers to the average of all subjects IR compared with the average of all subjects ER. "Individual Uninjured:Injured" refers to the individual subjects' measures of their injured arm compared with their uninjured arm. Supplemental video 1 available demonstrating measurement technique.
ER indicates external rotation; IR, internal rotation.
Forward scapular position has been suggested to be caused by reduced pectoralis minor muscle length, 25 posterior shoulder tightness, 26 as well as alterations in activation patterns of trapezius, serratus anterior, levator scapulae, and rhomboid muscles. Altering scapular positioning results in changes in shoulder strength measures and muscle activation patterns, [27] [28] [29] the width of the subacromial space 30 and simulated tension in the glenohumeral ligaments. 31 The presence of scapular asymmetry in high-level throwing athletes is nearly ubiquitous, 26 whereas pain and dysfunction is not. The hypothesis that aberrant scapular positioning is predictive of dysfunction in throwers requires further investigation to provide evidence beyond level 5.
Many clinicians suggest that altered muscle tone is a significant contributor to scapular dyskinesis. Investigations have revealed that pain, psychological pressure, and other psychosocial factors alter muscle activity [32] [33] [34] although this remains underresearched in the overhead athlete despite the presence of each of these drivers of muscle tone.
BONY ADAPTATION Cortical Thickness
Loading-related adaptation of bone is seen in throwing and overhead striking athletes with cortical thickening of the humerus. [35] [36] [37] An x-ray examination of the throwing athlete's humerus showing cortical thickening was first documented by King et al. 38 The bony alteration has been identified both cortically and in the trabeculae throughout the humerus of throwing athletes. 39 Activity-related changes to the humerus seem to be of a lesser magnitude than developmental changes. 40 It would seem that the greatest opportunity for throwing-related change is in the skeletally immature subject where physes are open and bone is growing at a higher rate, 41 although the possibility also exists for bony adaptation in the humerus of adults who become skilled at throwing as well.
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Humeral Torsion
The significant torque placed across the humerus during throwing 42 rarely results in humeral shaft fractures. 43 At birth, the humerus is relatively retrotorted, and then moves toward a more antetorted position especially during the first 8 years and then more slowly up to the age of approximately 16 years. 44 Whiteley 5 hypothesized that the extreme torque at the humerus during throwing generates a net retrotorting effect, which would seem to allow the thrower to "keep" some of the innate retrotorsion that is developmentally being lost. It would seem that throwing between the ages of 11 and 16 is critical in the development of this torsional change 45 ; however, the actual throwing load required during this time is not known. Although the contributions of the proximal and distal growth plates to the longitudinal growth of the humerus have been investigated, 46 it is unknown exactly where in the humerus the side-to-side variation in torsion is generated. In archeology, humeral torsion can be measured directly 47 and its presence has been used to describe throwing in hunting versus, say, the use of bows. In living subjects, indirect means such as x-ray, 48 computed tomography, 49 magnetic resonance imaging (MRI), 50 and ultrasound 51 measures have been used to quantify humeral torsion. Throwing athletes displayed an average of approximately 12-degree greater retrotorsion on their dominant arm 52 ; however, the variability of this change is great with the largest within-subject difference of 42 degrees. 45 Some throwing athletes had greater dominant arm antetorsion of up to 10 degrees. 52 The between subject variability in this measure was 74 degrees in an examination of 200 athletes. 52 This alteration in humeral torsion has been investigated with regard to its relation to passive range of motion (ROM), 53 proprioception, 54 injury incidence, 55 throwing history, and level of baseball playing achieved. 45 In adolescent male baseball players, variation in humeral torsion has been shown to be prospectively associated with injury incidence. 55 An individual's total rotational ROM needs to be considered during examination as an indirect measure of the capsular laxity of the shoulder, that is, the sum of the IR and ER ranges of motion. 56, 57 A dominant arm reduction in passive IR ROM (glenohumeral internal rotation deficit, or "GIRD") has been associated with an increase in throwing-related injury. 58 A side-to-side variation in humeral torsion, however, has been shown to be associated with a shift in rotational ROM such that greater dominant arm retrotorsion is associated with more shoulder ER and a similar amount of reduced IR, that is, the rotational ROM is effectively "shifted" in the direction of the torsion by the same magnitude. 41, 49, 59, 60 Indeed, in a population of professional major league baseball players, Tokish et al 60 showed GIRD to be positively associated with humeral torsion.
NEURAL ADAPTATION
Visible atrophy has been documented as having an incidence of 4.4% (8 of 183) in professional starting pitchers. 61 The mechanism for seemingly isolated muscle atrophy is unknown. Repeated, forceful eccentric muscular contraction has been shown to be associated with motor nerve injury. 62, 63 It could be argued that the follow-through phase of throwing could subject such loads on the external rotator muscles creating such pathology in the infraspinatus; however, such changes are not typically seen in the teres minor muscle, which makes a purely eccentric exercise mechanism less likely.
Some authors have suggested that the path of the suprascapular nerve in concert with the contraction of the rotator cuff while undergoing large ROM movements could be involved in traction and/or compression injury to the nerve. [64] [65] [66] The suggestion has been made that the relation of the nerve to the spinoglenoid ligament and its typical attachment to the posterior capsule of the shoulder could have implications for direct nerve compression during the follow-through phase of throwing where the shoulder is placed in extremes of IR while in abduction. 65, 66 No definitive answer can yet be given for the mechanism of injury to the nerve-if indeed only 1 mechanism existshowever, the consequences of such an injury to the reduced function of the infraspinatus muscle could readily be associated with a decline in the health of the thrower's shoulder.
LIGAMENT AND CAPSULAR ADAPTATION
Discussion of ligament and capsular adaptation at the thrower's shoulder centers largely on the influence of such adaptation on presumed translation of the head of the humerus during throwing. Two distinct and contradictory theories are described in terms of the suspected pathomechanical humeral translation during the cocking phase of throwing. One theory maintains that during the cocking phase, the abduction and ER of the shoulder is associated with a subtle degree of anterior and inferior translation of the humeral head, and therefore the majority of pathology seen in throwing athletes occurring in this phase of throwing is related to this minor anterior instability. It is proposed that repeated ER of the shoulder is associated with a selective attenuation of the anterior capsular structures, and that such stretching predisposes or worsens any anterior translation in injured throwers. 67, 68 A contradictory view suggests that during the cocking phase, the humeral head translates posterosuperiorly, and that this movement is associated with the undersurface posterosuperior cuff pathology, and biceps anchor lesions seen in throwing athletes. 69, 70 This theory contends that an aberrantly tight or thickened posterior inferior glenohumeral joint capsule will further accentuate the posterior superior translation during the cocking phase as the capsule winds underneath the head of the humerus in a hammock-like manner as first described by O'Brien et al. 71 Recently, Thomas et al 72 showed greater posterior capsule thickness in the dominant arms of young (19.4 ± 1.16 y old) asymptomatic baseball players (throwing arm 2.03 ± 0.27 mm compared with 1.65 ± 0.28 mm on the nonthrowing arm). Examination of biomechanical data may shed more light on the veracity of these theories.
In vivo (x-ray) examination shows the humeral head to translate posteriorly during simulation of the cocking phase of throwing. 73 More recently, Chhadia et al 74 used MRI to document similar magnitudes of posterior translation in a group of subjects with a superior labral anterior-posterior lesions.
In vitro studies examining glenohumeral mechanics have the advantage of being able to manipulate aspects of the capsule and then describe resultant glenohumeral kinematics. In cadaveric models, Harryman et al 75 showed posterior translation during shoulder ER, whereas Grossman et al 76 showed posterior and inferior translation of the humeral head when moving to an abducted and externally rotated position, and this translation was not altered with the addition of nondestructive lengthening of the anterior capsule. The addition of posterior capsular tightening in this model resulted in more superior, yet still posterior, humeral head translation. 76 Conversely, Huffman et al 77 showed anterior (6.5 mm) and superior (2 mm) translation in 8 cadaveric shoulders, which then moved to posterior (1 mm) and superior (4 mm) in a condition where the shoulder is forcefully stretched to ER and the posterior capsule is plicated.
Clinically, practitioners suggest that a positive relocation sign is proof that an individual is displaying anterior translation during abduction and ER as their symptoms are relieved with a posteriorly directed force to the anterior shoulder. 68, 78 Examination of the position of the humerus and the scapula in the transverse plane during this examination would suggest that the relocation maneuver is significantly moving the glenohumeral joint toward horizontal adduction (Fig. 1) . Cadaveric examination of the glenohumeral joint capsule during maximal ER in abduction shows an abrupt reduction in tension on the anterior aspect of the capsule with even minimal amounts of horizontal adduction (Fig. 1, supplemental video 1 , Supplemental Digital Content 1, http://links.lww.com/TSES/A4).
If subtle anterior instability secondary to progressive attenuation of the anterior glenohumeral joint capsule were a common pathology in the shoulders of professional pitchers, it stands to reason that a subset of these injured athletes would progress from partial anterior subluxation to frank anterior dislocation as their anterior capsule becomes more significantly stretched. Examination of disabled list data for Major League pitchers from the beginning of 1990 until the end of the 2002 season showed 2498 disabled list appearances, 79 none of which were for instances of frank dislocation of the throwing shoulder. In comparison, Orchard et al 80 published injury incidence for 6 years ending in 2001 in professional Australian cricket. This data showed 4 shoulder dislocations (and 29 other shoulder injuries) in a total of 527 recorded injuries, with an overall injury rate of 20.4 injuries per 10,000 hours of match exposure. It would seem that professional pitching baseball conferred a reduced rather than an elevated risk of frank anterior instability, suggesting that some mechanism is at play to protect from this. The authors hypothesize that the documented posterior and superior humeral translation during abduction and ER in vivo, which is exaggerated with posterior capsular tightening in vitro, could both explain the reduced incidence of anterior instability in professional baseball pitchers and suggest that if any pathology is associated with glenohumeral translation in throwers, it is more likely posterosuperior than anteroinferior.
Importantly, the superior glenoid labrum needs to be confirmed as a pain generator, and damage to it as a definitive cause of dysfunction in the throwing athlete. Early investigations of purported damage to the superior labrum did so in the absence of complete knowledge of the normal anatomy, in particular the normal separation between the superior labrum and the articular cartilage of the glenoid 81, 82 and the poor innervation of the inner half of the entire labrum. 83 MRI examination of 28 shoulders in 14 professional baseball pitchers showed abnormality in 79% of the shoulders despite complete absence of symptoms. 84 Physical examination and imaging techniques continue to evolve and improve; however, the links between purported labral pathology and shoulder pain and dysfunction in throwing athletes still need development.
Clinical Implications
Shoulder Rotation Strength
It is recommended to adopt as routine practice in throwing athletes to monitor preseason and within season ratios of IR to ER strength in both throwing and nonthrowing shoulders. Preventative management can intervene with alterations to routine weight training in athletes who present with IR:ER >1.5. Typically this will involve a temporary reduction in IR musculature weight training and an increase in ER strengthening until objective strength ratios normalize (IR:ER <1.5).
Passive (Postural) Muscle Length Changes
Clinically, it is suggested that the use of the scapular muscle assistance examination 85 is a critical feature of establishing whether any identified scapular positioning asymmetry is related to the presenting pathology, or an incidental finding. Briefly, once a reliable physical sign is found which reproduces the patient's presenting pain, the examiner manually alters the scapular position, and then retests. 86 If there is a substantial improvement in the reported pain, it can be argued that the aberrant scapular positioning is a significant contributor. Equally important is the converse finding, suggesting that any identified asymmetry is unrelated to the presenting pathology. A positive finding can then be used to direct treatment according to the movement required to improve symptoms. Future research could examine psychosocial factors relating to altered muscle tone and thus glenohumeral and scapulothoracic mechanics.
Bony Adaptation
It has been suggested that lost shoulder IR ROM (GIRD) is predictive of injury, and the supposition was that this lost IR was solely because of tightened soft tissues. 87 Side-to-side variation in humeral torsion needs to be considered in concert with examination of rotational ROM 51 as variation in humeral torsion "shifts" the rotational ROM (toward ER with greater retrotorsion, and IR with greater antetorsion 59 ). If restriction of the IR ROM can be attributed to adaptive humeral retrotorsion, then mechanisms such as capsular restriction would not apply in such individuals, and therefore the clinicians need not consider any treatment aimed at soft tissues.
Clinically the problem arises when an athlete presents with a reduced total rotational ROM if any side-to-side variation in retrotorsion is not accounted for. For any individual athlete, the total rotational ROM (ie, IR plus ER) should be equal bilaterally. Note that it is important to examine each individual athlete to establish their normal values as these are quite variable. The clinical implication is that the total rotational ROM of the healthy arm can be used, in combination with the athlete's side-to-side difference in humeral torsion, to describe the targets for rotational ROM in the injured arm. If, for example, an athlete presents with a dominant arm increase in humeral retrotorsion of, say, 15 degrees, then a normal finding would be 15 degrees more ER passive ROM on their dominant arm and 15 degrees less passive IR ROM. By examining rotational ROM and then accounting for side-to-side variation in humeral torsion, accurate and realistic rotational ROM targets can be set for clinical remediation. Moreover, if therapeutic "normalization" (stretching until both arms show the same rotational ROM) of IR ROM is implemented in a subject with a greater dominant arm retrotorsion, then it can be argued that there is the possibility that this IR range is being pathologically increased.
Neural Adaptation
The poor cutaneous sensory distribution of the suprascapular nerve means that the principal dysfunction associated with injury to this nerve is motor, and can be missed until significant damage is incurred. It is suggested that routine examination of objective strength measures of the shoulder external rotator muscles is important in avoiding missing the early clinical stages of injury to this nerve; however, until the exact mechanism(s) of damage to the nerve are elucidated, clinical intervention is difficult to guide. It is our experience that once significant damage and motor loss is incurred, this is an extremely difficult condition to manage, which heightens the importance of early detection and remediation.
Ligament and Capsular Adaptation
It would seem that identification of tightening in the posterior capsule in high-level throwing athletes may be underrecognized although valid and reliable measurement techniques exist. [88] [89] [90] Clinically, once identified, posterior capsular tightness in throwing athletes is well managed with a conservative regimen of passive stretching 91 and load alteration, although rarely surgical review may be required. 92 In a randomized, controlled trial, comparing the effectiveness of 4 weeks' "cross-body" adduction and sidelying IR (Sleeper) stretches; both of these maneuvers were shown to be associated with subsequent increased IR ROM, with the cross-body stretch significantly more effective than the Sleeper stretch (and both more effective than no stretch, and the control unstretched arms). 91 Examination of the injured throwing athlete may include techniques to identify labral pathology. Positive findings in this regard need to be positively associated with a presenting injured athlete's problem lest the finding be assigned as unrelated.
CONCLUSIONS
Throwing athletes display the following clinically relevant adaptations in their throwing shoulder: 1. Increased ratio of IR strength to ER strength mainly because of greater IR strength than a reduction of ER strength in the throwing arm. 2. Altered scapular positioning at rest, often forward and downward rotation are commonly present, but their high incidence requires individual examination to ascertain the link, if any, with presenting pathology or dysfunction. 3. Humeral cortical thickening and variation in humeral torsion, the latter of these directly alters passive rotational ROM. 4. A higher incidence of damage to the suprascapular nerve than in the general population. 5. Likely posterior capsular thickening altering glenohumeral mechanics, which may be associated with the incidence of undersurface rotator cuff tears and long head of biceps/ superior labral injury. Consideration of these differences allows the practicing clinician to make evidence-informed decisions about examination findings and intervention strategies. Significant gaps in knowledge remain, however, and need to be addressed as these will further improve the management of the injured throwing athlete.
